Neurotoxic effects associated with long term low level occupational exposure to CS2 were reinvestigated four years after the initial study in the same group of workers. The second study concerned 44 exposed and 31 matched control workers. For both studies a personal cumulative exposure EC was calculated based on function specific exposure levels and the occupational histories, which were carefully re-established. The exposed workers' average EC was 192 and 213 ppm-years (first and second study respectively). Where possible the values of both data sets were used in a final combined analysis. Effects were found on the motor nerve conduction velocity of the fast (-0 9 m/s) and slow ( -1 0 mis) fibres of the peroneal nerve, the sensory nerve conduction velocity in the hand and arm segment of the median (-2.1 mIs) and ulnar nerves, and in the sural nerve (-1.3 m/s). An increased refractory period was found in the sural nerve (+ 0'2 ms, + 11%), but not in the peroneal nerve. For the autonomic nervous system an effect was found on the heart frequency response to isometric muscle contraction (-4.7 beats/min, -26%) and maximal forced respiration (-3*2 beats/min, -16%).
increased refractory period was found in the sural nerve (+ 0'2 ms, + 11%), but not in the peroneal nerve. For the autonomic nervous system an effect was found on the heart frequency response to isometric muscle contraction (-4.7 beats/min, -26%) and maximal forced respiration (-3*2 beats/min, -16%).
This study shows the importance of a detailed evaluation of past exposure data. The reinvestigation enabled a more precise estimation of the effects of CS2, which is particularly desirable at around threshold exposure. (British Journal of Industrial Medicine 1993; 50:301-307) It is well known that occupational exposure to carbon disulphide (CS2) may result in peripheral neuropathy of the central-peripheral distal axonal type. Subclinical nerve impairment has been found after 301 exposure to only 8 ppm. 1-7 In a previous study in viscose rayon workers we were able to show small effects on the nervous system that were partly related to a lifetime cumulative exposure; the exposure to CS2 had mostly been low (1-17 ppm during an average of 20 years) and, unlike the findings of other studies, constant during the preceding 35 years.' A tentative estimation was made of the neurotoxic no effect level for 40 years of exposure.
The objective of this study was to verify the effects found in the first study by (1) careful analysis of each worker's exposure history as well as the category specific exposure levels; (2) relating revised exposure to the original clinical state; (3) use of more extensive and precise neurophysiological tests; and (4) comparison of past results with present ones. Finally, we aimed to quantify the effect of CS2 from both studies.
Methods

SUBJECTS
All 87 participants of the first study were invited for the second study; 80 workers participated, two refused, one had died, and four were absent in the study period. In the first study the controls had been matched on a group basis for age, shift work, and nationality. The same three exposed and two control workers as in the first study were excluded The same 14 batch compiler Bleacher, medium 12 because of other neurological risk factors, leaving 44 exposed and 31 control workers for the analysis. For 12 retired workers and four with a disability pension the preretirement exposure state (exposed or control) was used. Exposed and control workers included in the second study were aged 51-9 (SD 7 5) and 51-9 (SD 6 5) years, respectively. Exposed workers had been employed for 26&1 (SD 7 5) The grouping of functions into exposure categories and the estimation of these categories' exposure levels have been carefully revised. The allegedly complete job circulation within categories sometimes seemed to be limited and three highly exposed transporters (until 1984) were identified.
Additional personal air samples were available to estimate the category specific exposure levels. Table 1 summarises the consequences of these changes for the grouping of workers and the cate- Table 2 Cumulative exposure (ppm-years) of exposed workers (arithmetic mean (SD)); unweighted and with half times of 10 andfive years. The second and third column refer to exposed workers identified on the basis of the revised occupational histories. gory specific exposure levels. The workers' occupational histories were reassessed by interviewing the workers and past and present key figures from the personnel and occupational health departments, and by an exhaustive record search. For two alleged controls past exposure was discovered. Table 2 shows cumulative exposures for both studies. The decrease in E1o and E5 between the first and the second study is a result of the weighting of the past high exposure of the transporters and workers from the other plant. Figure 1 shows the original and the revised cumulative exposure EC of the first study (r = 0 97 without controls; r = 0 95 without the controls and the highly exposed subject).
EXAMINATION OF NERVE FUNCTION
The subjects were examined in warm rooms in the occupational health centre on the factory site. The investigator did not know the subjects' exposure state.
Autonomic nerve function
The applied methods were the same in both studies. The variability of the heart rhythm was measured during rest (resting arrhythmia, RA) as well as during maximal voluntary isometric contraction of the hand muscles (muscle heart reflex, MHR) and during maximal forced respiration (forced respiratory sinus arrhythmia, FRSA of voltage). The arm and leg were prewarmed in hot water and controlled at 35°C by means of an infrared heater (instead of measuring the temperature and controlling in the analysis). The standard motor nerve conduction velocity (MNCV), distal latency (DL), and response amplitudes (Mot Amp)8 were measured in the peroneal, median, and ulnar nerves. In the peroneal nerve the complete distribution of motor refractory periods (MRP) was measured according to Kimura' 9 and of motor conduction velocities according to Hopf (taking into account the individual MRP).' 10 For both methods the 80th and 50th percentiles of the acquired frequency distribution were used as indices reflecting the condition of the slower/average conducting and longer/average refractory fibres in the nerve (MNCV80, MNCV50 and MRP80, MRP50 respectively). In the first study the MNCV80 and MRP50 (then called CVSF. and MRP) had been determined.
The standard sensory nerve conduction velocity (SNCV) and response amplitudes (Sens Amp)8
were measured in the sural, median, and ulnar nerves (in the last two specifically for the hand (SNCVhand) and forearm sections (SNCVarm)). In the sural nerve the distribution of sensory refractory periods (SRP) was measured. Again, the 80th and 50th percentiles were used as indices (SRPI80 and SRPI50 respectively); in the previous study the (SRPI50 (then called SRP) was determined.
Questionnaires
After the examination the subjects, assisted by an investigator, completed a questionnaire about lifestyle (alcohol consumption), criteria for exclusion from the analyses, symptoms related to neuropathy, and occupational history within and outside the company.
Z scores Each test result contains information (signal) on nerve function and noise due to random measurement error. Combination of a number of related nerve functions may improve the signal to noise ratio; for this purpose we used Z scores. A subject's Z score for a particluar test is (x-m)/SD where x is the subject's test result, m and SD are the complete group's average and standard deviation for that test. Thus the group mean and standard deviation of a test Z score are 0 and 1. A number of test Z scores of related individual tests were combined in summary Z scores. The calculation was made in such a way that a negative sign of a Z score is always in the pathological direction and that the complete group's mean and standard deviation were 0 and 1. Such Z scores were calculated for conduction of all motor and sensory nerves, for the autonomic nerves, for the refractory period indices (functional aggregation) and for the median, ulnar, peroneal, and sural nerve (anatomical aggregation).
DATA ANALYSIS
Neurophysiological data For both studies the differences between the exposed (n = 44) and the control group (n = 31) were calculated with analysis of covariance (ANCOVA). The potential confounders age and life time alcohol comsumption were always included as covariables; for peripheral nerve indices the skin temperature (first study only) and body length were additionally included. Six workers were excluded from the ANCOVA analyses who had only been exposed as shift leaders or whose exposure had started in 1988. The effects of cumulative exposure were calculated with multiple linear regression analysis (MLR); the controls had a cumulative exposure of zero. The same covariables were used as in the ANCOVA. Non-normal distributed dependent variables were always log transformed; the residuals of all models were analysed and complied with the requirements. A 5% one sided significance level and a 90% two sided confidence interval were used; MLR analyses were performed with the weighted cumulative exposures E1o and E5 to obtain a tentative indication for the reversibility of the effects.
Combined analysis For the determination of the final result of the two studies it is logical to combine the test results whenever possible. This is only sensible if these are replicate measurements of the same nerve function. To check this a correlation analysis was used. The neurophysiological indices of the first study were corrected to a temperature of 35°C. In the combined analysis the mentioned covariables were included in the models.
Questionnaire data
The prevalence odds ratio of symptoms was calculated; exact significance and interval estimation was applied because of the small numbers.
Results
SEPARATE ANALYSIS OF THE STUDIES
Reanalysis of the first study The results of the reanalysis differ from those of the original analysis due to revision of the exposure data. In the reanalysis a group difference (ANCOVA, not presented) was found in MNCV (-1 1 m/s) and, as in the original analysis, in MNCV80 (-1-3 m/s). For the autonomic nerve indices MHR (-5-1 beats/min), FRSA (-3-9 beats/min), and Zaut (-0 6) group differences were found that were stronger than in the original analysis (not presented). Mean (SD) of the control group (raw data first study) for indices that have been measured twice. In the MLR (table 3) and ANCOVA analyses decreases were found in MNCV, MNCV50, and MNCV80. The major alteration compared with the first study was detection of impaired nerve functions in the sural nerve and increased evidence for slight polyneuropathy based on impairments in the additionally examined arm nerves (see summary analysis). The Z scores show the general localisation of the nerve impairment (fig 2) . In general sensory nerves seemed to be more impaired than motor nerves.
The prevalence of single reported symptoms that indicated periperal neuropathy was 6-20%; odds ratios of about 1 were found with wide confidence intervals. This result serves as an imprecise indication that the exposed workers' prevalence of symptoms had not increased. Figure 3 shows the correlation coefficients between the results of the two studies. The results for autonomic nerves of the two studies were treated as replicate measurements because of identical examination methods. The low correlation -for the RA probably indicates a poor reproducibility. For sural nerves the methodology in the second study had improved to such an extent that these results were logically favoured. The improvement was not so pronounced for peroneal nerve indices, so these were treated as replicate measurements because the correlation between results of both studies was satisfactory (fig 3) . Thus combined analyses were performed with all peroneal nerve and autonomic nerve indices. Table 4 presents In the second study we were able to establish exposure to CS2 and occupational histories more precisely; particularly the workers' occupational histories. A major uncertainty remaining is the fragmentary character of the data about past exposure of 10 workers in another factory; a plausible 20% error in this exposure would substantially alter the E as this exposure period was responsible for about 60% of cumulative exposure. A second uncertainty is that large interindividual differences may exist within exposure categories. The nature of the applied exposure parameter determines which specific exposure-effect relation is being evaluated; often only the exposure state is used, implicitly assuming equal exposure for all exposed workers. We chose cumulative exposure as there are strong indications that the duration Although EC is probably a better measure of exposure we still do not know its influence on the true exposure effect relation. Also, random error in EC will result in underestimation of the regression coefficient and reduction of the sensitivity of the analysis (attenuation). Despite the elaborate information on occupational histories the best estimate of cumulative exposure only incompletely reflects a worker's true exposure. The exposure data in this factory are elaborate compared with similar CS2 studies. The mentioned limitations are unfortunately inherent to this type of study.
SUMMARY ANALYSIS
COMBINED ANALYSIS
The comparability of data on nerve function from the two studies is important when results of the studies are combined. There are several sources of potential bias. The improved EMG apparatus in the second study resulted in less drop out due to missing or uninterpretable results, in particular for sural nerve indices. Refractory periods may not be completely comparable because 1-2 times maximal stimulation in current and voltage are not equal. The temperature correction of neurophysiological data from the first study (0-4°C, 1-2 m/s per°C), can also be a source of difference. The examination of autonomic nerve function was unchanged. Due to implementation of improved examination methods data on nerve function from the second study were logically favoured in cases of conflicting results, as happened for the sural nerve.
Analyses with averaged data were, performed with those parameters for which results from the two studies were considered to be replications, thereby reducing random error, which consists of biological intraindividual variation and measurement error. Final conclusions are drawn from this analysis whenever possible. We did not perform longitudinal analyses with the difference of the results between the studies because the expected magnitude of effect of four years further exposure to CS2 was small compared with random and systematic errors.
EFFECTS
The change in the number of statistically significant effects related to revised exposure data is remarkable considering the small changes and the high correlation between the original and revised cumulative exposure. Our results indicate that the outcome of epidemiological toxicological studies aimed at measuring small effects may be sensitive to the nature and accuracy of the exposure parameter applied in the analysis.
It is reassuring that the first study and the second study agreed as far as effects are concerned, especially when the small magnitude of the effects is taken into account. This is an indication for the actual existence of these effects. For peripheral nerves the extended observations indicate a decrease in conduction velocity of fast and slow motor nerve fibres of the peroneal nerve (MNCV, MNCV50, and MNCV80). This is more serious than the first study (and some other publications) indicated in which only slow fibres were affected. Furthermore, sensory conduction velocities were reduced and the sensory refractory period of the sural nerve increased. 
